An oligosaccharide-lipid containing N-acetyl D-glucosamine (GlcNAc), L-rhamnose, and D-glucose was syntheized when the particulate enzyme from Streptococcus sangui8 was incubated with UDP-GlcNAc, TDP-rhamnose, and UDPglucose. The incorporation of D-gluCose into the lipid was dependent on the preincorporation of L-rhamnose, which in turn was dependent on that of GlcNAc. This indicates that the order of sugar incorporation is GlcNAc, L-rhamnose, and D-glucose. 
[y-3P]ATP labeling experiment indicated that some acceptor lipid was present in nonphosphorylated form. The acid and alkaline stabilities of the GlcNAc-lipid were simila to those of glycosyl undecaprenylphosphate, and the thin-layer chromatographic mobility of the lipid was sfightly faster than that of the mannosyiphosphorylundecaprenoL The molar ratio of phosphate to GlcNAc in punfied GlcNAc-lipid was found to be 0.96:1. These results suggested that the GlcNAc was attached to the lipid moiety, presumably undecaprenoL by phosphodiester bonds. The incorporation of L-rhamnose into the lipid was inhibited by UDP and UMP, respectively, in a manner similar to the incorporation of GlcNAc. This suggesd that the oligosaccharde was also linked to the lipid moiety by phosphodiester bonds.
The cell wall polysaccharide of Streptococcus sanguis consiot of D-glucose, L-rhamnose, and N-acetyl-D-glucosamine (GlcNAc) in the molar ratio 1:1.3:0.4, with a variable amount of glycerolphosphate linked to the polysaccharide via phosphodiester bonds (8) . The site of attachment of glycerolphosphate is not clear. Heymann and co-workers (12, 17) have reported that some of the glycerolphosphate moieties are linked to the reducing terminal rhamnose of cell wall polysaccharide in group A streptococcus.
Although the mechanism of biosynthesis of peptidoglycans, lipopolysaccharide, and capsular polysaccharide (15) has been well established, the biosynthesis of cell wall polysaccharide is not yet undestood. The direct incorporation of rhamnose, a common sugar for most streptococcal cell wall polysaccharides, has been reported independently by Pazur and Anderson (20) , Zeleznick et aL (27) , and Cohen and Panos (5) . No Growth of cultures and preparation of enzymes. The growth of S. sanguis and the preparation of particulate enzyme has been previously described (7, 8) . The growth of P. aeruginosa and the preparation of its enzyme were carried out as reported by Glaser and Kornfeld (9 (v) diisobutyl ketone-acetic acid-water (60:45:6). The reference lipids were located with iodine vapor, whereas the radioactive compounds were located as previously reported (6) . The determination of glucoasnine and phosphate were as described previously (8) . The radioactivity was determined with a Packard Tri-Carb liquid scintillation spectrophotometer (model 3320) in Triton-toluene scintillation fluid (4 Preparation and purification of GlcNAc-lipid. The GlcNAc-lipid preparation was carried out in two batches. In the first batch, the incubation mixture consisted of (in millimoles): tris(hydroxymethyl)aminomethane-hydrochloride, 87.5; MgC12, 20; NaF, 5; ATP, 2.5; UDP-GlcNAc, 0.7; and particulate enzyme, 1 g; in a total volume of 625 mL In the second batch, the incubation mixture (10.88 ml) had the same composition as in the first batch, except that 6 iLCi of UDP-[14C]GlcNAc (0.6 mmol) was used instead of UDP-GlcNAc. Both batches were incubated at 370C for 40 min. After incubation, both incubation mixtures were extracted with 12 volumes of CM. The pellets obtained were extracted again with one-half the volume of CM used in the first extraction. All the CM extacts were combined and washed twice with 2.5 liters of saline. The chloroform phase was evaporated to dryness and dissolved in 4. The lipid solution was evaporated to dryness, dissolved in 2 ml of chloroform, and loaded onto a diethylaminoethyl (DEAE)-cellulose column equilibrated in chloroform and eluted in sequence with 48 ml each of chloroform, CM, methanol, 0.0075 and 0.05 M ammonium acetate in methanol, and, finally, 3 M pyridium acetate (pH 4.2). Fractions of 8 ml were collected.
[14C]GlcNAc-lipid was eluted in two fractions, one in chloroform (5.3 x 10' cpm) and the other in 0.0075 M ammonium acetate (2.3 x 10' cpm). Since the lipids in both fractions exhibited the same thin-layer chromatographic mobility in both solvents iv and v, they were combined (7.6 x 104 cpm; 1 ,Amol of Pi) and subjected again to alkaline hydrolysis and Unisil column chromatography as described above. The recoveries in each step were 7.4 x 10' cpm (0.29 umol of Pi) and 6.5 x 104 cpm (0.24 gAmol of Pi), respectively. (Fig. 3) . These results suggest that GlcNAc-lipid is not a phosphatidyl lipid. The acid and alkline stabilities of GlcNAc-lipid are smilr to those reported for glycosyl polyisoprenyl phosphate (16 (Fig. 4) GlcNAc, rhamnose, and, finally, glucose. The reason for a significant amount of glucose incorporated in the presence of TDP-rhamnose and the absence of UDP-GlcNAc is not known. Since glycosylmonophosphorylundecaprenol is, in general, believed to be unable to serve as acceptor for ooiasmacharide monvnnhnunh,rvlunei-a Parially purified GlcNAc-lipid could substitute for UDP-GlcNAc in the rhamnose incorporation (Table 3 , experiment B). Experiments in Fig. 5 showed that the formation of rhamnosyl-lipid, presumably a disaccharide-lipid, and that of GlcNAc-lipid were strongly inhibited to similar extents by UDP and were inhibited only moderately by UMP. This suggests that the disaccharide is linked to the lipid by phosphodiester bonds.
Characterization of glycosyl moieties of the lipid intermediates. When [3H]GlcNAclipid (pardally purified chromatographically by DEAE-cellulose, Unisil, and another DEAE-cellulose column, as described above) was subjected to mild acid hydrolysis and paper chromatography, as described in the legend to Fig. 6 , at least four different compounds were released (Fig.  6A) . Peak 1-2 exhibited the same mobility as that of GlcNAc. When peak 1-1 was eluted and subjected to paper electrophoresis, most of peak 1-1 exhibited the electrophoretic mobilities of glucose 1-phosphate (Fig. 7A) . To find out the nature ofthe charged component, the negatively charged compound was eluted and subjected to alkaline phosphatase (from Escherichia coli) hydrolysis. A compound with the paper chromatographic mobility of peak 1-3 in Fig. 6A was released. When peak 1-3 of Fig. 6A was eluted and treated with 1 N HCI at 1000C for 1 h, two compounds with the paper chromatographic mobilities of GlcNAc and glucosame, respectively, in solvents ii (Fig. 8A) and i (Rg, 1.25 and 0.86) were released. This result suggests that peak 1-3 is a derivative of GlcNAc, in which a hydrophobic moiety is attached to GlcNAc.
When the crude rhamnosyl-GlcNAc-lipid (RhaGlcNAc-lipid) was subjected to mild acid hydrolysis and paper chromatography as described in Fig. 6 , at least four different compounds were released (Fig. 6B) . When peak 2-1 was eluted and subjected to paper electrophoresis as described in Fig. 7 , a compound with a mobility slightly slower than that of glucose 1-phosphate and a small amount of radiolabeled compound with mobility similar to that of glucose 1-phosphate were obtained. When the slower-moving major component was eluted, treated with alkaline phosphatase, and subjected to paper chromatography in solvent ii, a compound with the mobility of peak 2-2 in Fig. 6B was obtained. When peak 2-2 of Fig. 6B was eluted and hydrolyzed with 2 N HCI at 1000C for 2 h, two compounds with paper chromatographic mobilities of glucosamine and rhamnose, respectively, in solvents ii (Fig. 8B) and i (Rgk, 0.86 and 1.4), in addition to a small amount of GlcNAc, were observed. These results indicate that peak (Fig. 6B) is a disaccharide or higher oligomer prenol synthesis, experiments were performed to show that the GlcNAc-lipid was indeed the acceptor for oligbsaccharide-lipid formation. containing GlcNAc and rhamnose, whereas peak 2-1 is a phosphate derivative of peak 2-2. When the crude glucosyl Rha-GlcNAc-lipid (Glc-RhaGlcNAc-lipid) was hydrolyzed with a mild acid as described in Fig. 6 and chromatographed in solvent ii, at least five compounds were released (Fig. 6C) . When peaks 3-0 and 3-1 were eluted and subjected to electrophoresis as described in Fig. 7 , peaks 3-0 and 3-1 were each resolved into two (3-0-c and 3-0-b) and one (3-1-b) negatively charged compounds, presumably sugar phosphates, respectively, in addition to a neutral compound (3-1-a and 3-0-a) (Fig. 7C and D) . Peaks 3-0-c and 3-1-b exhibited the same mobility as the major peak in Fig. 7B and were shown to contain also rhamnose, GlcNAc, and phosphate. No significant change in paper chromatographic mobility was observed when peak 3-0-b was treated with the alkaline phosphatase. Upon acid hydrolysis, as described in Fig. 8 , both peaks 3-1-a and 3-0-a yielded glucose, rhamnose, and GlcNAc (Fig. 8C) . These results indicate that peaks 3-0-c and 3-1-b are the same as peak 2-1 and are a phosphate derivative of a disaccharide or higher oligomer containing rhamnose and GlcNAc. Peaks 3-1-a and 3-0-a are a trisaccharide or higher oligomer containing glucose, rhamnose, and GlcNAc, and peak 3-0-b probably is the phosphate derivative of peak 3-0-a. DISCUSSION Three glycolipids, presumably mono-, di-, and trisaccharide-lipids, were formed when the particulate enzyme prepared from S. sanguis was incubated with the appropriate nucleotide sugars, UDP-GlcNAc, TDP-rhamnose, and UDP-glucose. Verylittle polymeric compound(s) (pellets) was formed in the incubation mixtures (Tables 1, 2, and 3) . The order of sugar incorporation was shown to be GlcNAc, rhamnose, and glucose (Table 3) . Since the sugar components of the three glycolipids are also present in the cell wall polysaccharide of S. sanguis, they are believed to be the precursors of cell wall polysaccharide biosynthesis. Fig. 1). (ii) The molar ratio of GlcNAc and phosphate in the pured GlcNAc- of GlcNAc-lipid was not retained by a DEAEcellulose column equilibrated in CM-water (Fig.  2) but was retained by the same column equilibrated in chloroform. The lipid retained by the column was eluted by 0.0075 M ammonium acetate in methanol This characteristic is consistent with that of mannosyl phosphoryl polyisoprenol (24) and is distinctly different from that of C55-60-polyisoprenyl pyrophosphoryl-Nacetylglucosamine, which was reported to be completely retained by DEAE-cellulose equilibrated in methanol and required 0.075 M ammonium acetate for elution (16) . When the [3H] GlcNAc-lipid was hydrolyzed with mild acid, a radiolabeled compound (X) with a paper chromatographic mobility much greater than that of GlcNAc was released together with GlcNAc and another slow-moving compound. When the slow-moving compound was treated with alkaline phosphatase, X was released. Therefore, it is believed to be a phosphate derivative of X. When X was treated with 1 N HCl, two compounds with the paper chromatographic mobilities of glucosamine and GlcNAc were released (Fig. 8) . This result suggests that X is a derivative of GlcNAc, presumably containing one or more hydrophobic compounds like fatty acid or succinic acid. The polysaccharide isolated from Micrococcus lysodeikticus has been reported independently by several groups of workers to be a lipomannan, a polymer of mannose containing diglyceride and succinic acid (19, 21, 22) . It is thus possible that the cell wall polysaccharide of S. sanguis also contains such components. The lipid moiety of GlcNAc-lipid has not yet been characterized. Since GlcNAc-lipid was resistant to mild alkaline hydrolysis, the possibility of ester linkage between sugar and lipid is excluded. The susceptibility to mild acid hydrolysis (Fig. 3) Fig. 6 were eluted and spotted onto Whatman no. ) filter paper. The electrophoresis was carried out in solvent iii as described in Materials and Methods. (A) Peak 1-1; (B) peak 2-1; (C) peak 3-1; (D) peak 3-0. Glc, Glucose; Glc-1-P, glucose 1-phosphate; gly-P, a-glycerol phosphate. Fig. 6 and peak 3-1-a and 3-0-a of Fig. 7 were eluted and hydrolyzed with 2 N HCI at IOOPC for 2 h, except that the eluate ofpeak 1-3 was hydrolyzed with 1 N HCI at 100fC for 1 h The hydrolysates were dried overnght in a vacuum desiccator containing sodumn hydroxyide and anhydrous calcium sulfate, dissolved in minimum amounts of water, and spotted onto Whatm no. I filter paper. The paper was developed in solvent ii overnight, dried, and scanned as described in Fig. 6 . Abbreviations are the same as those in Fig. 7. ety. This is similar to the biosynthesis of a wall teichoic acid in Bacillus lichenifornis (10) but distinctly different from all other oligosaccharide-polyisoprenol intermediates involved in the biosynthesis of polysaccharide, lipopolysaccharide (15) , and glycoproteins (25) . Based on the results presented, the mechanism ofbiosynthesis of cell wall polysaccharide in S. sanguis is proposed as depicted in Fig. 9 . In accordance with this pathway, S. sanguis should be resistant to bacitracin, because one-half of lipid phosphate is regenerated by phosphorylation. S. sanguis was indeed found to be bacitracin resistant.
While this study was in progress, Reusch and Panos (23) reported the formation of GlcNAclipid and a polymeric compound, presumably cell wall polysaccharide, when they incubated the membrane preparation of S. pyogenes with UDP-GlcNAc and TDP-rhamnose. No rhamnose was found to be incorporated into the glycolipid, GlcNAc-lipid. They therefore suggested that GlcNAc-lipid was not involved in the biosynthesis of cell wall polysaccharide. The reason for this discrepancy is not known. However, as judged from the accumulated evidence in the biosynthesis of cell envelope complex saccharides, it is very likely that the sugars are preassembled into oligosaccharide-lipid intermediates, which are subsequently incorporated into the cell envelope. Most recent progress made in the study of ribitol teichoic acid biosynthesis indicates that GlcNAc is the first sugar to be incorporated into an acceptor lipid, presumably a polyisoprenoL This is followed by the incorporation of 2 to 3 glycerol phosphate units from CDP-glycerol and finally of ribitolphosphate from CDP-ribitol (1, 11, 26) . It is interesting to find that the biosynthesis of cell wall polysaccharide in S. sanguis and that of cell wall ribitol teichoic acid involve the same initial incorporation of GlcNAc from UDP-GlcNAc into the acceptor lipid, presumably polyisoprenol. Whether 
